By comparing sequences of restriction enzyme cleavage sites and their distance data, we sorted 384 X phage clones containing segments of chromosome VI of S. cerevisiae and constructed an ordered clone bank for this chromosome. The physical length of this bank is 269.7 kb. The bank contains the entire chromosome including the left telomere, but it is not certain whether it contains the right telomere as well. To estimate the number of genes present on this chromosome, we performed a series of Northern hybridization experiments using 157 restriction enzyme fragments prepared from the bank as hybridization probes and total poly(A) + RNA from vegetatlvely growing cells. Thus, 97 distinct transcripts were identified. The relative abundance levels of individual transcripts were measured by comparing their band intensity with that of the RP041 transcript. It was found that the transcripts from the genes located in the telomeric and centromeric regions are less abundant as compared to those from the genes in the central regions of both arms.
INTRODUCTION
The yeast, Saccharomyces cerevisiae, has sixteen chromosomes of different lengths and the total genomic DNA is estimated to be approximately 14,000 kb in size (1). R-loop hybridization studies suggest the presence of more than 5,000 genes in the genome of this organism which are expressed during vegetative growth (2) . However, a relatively small number of genes has been identified and characterized genetically: approximately 750 genes are registered in the current genetic map of 5. cerevisiae (3) . Thus, there is a large discrepancy between the predicted number of transcribed genes and the number of genetically defined loci. To characterize the structural feature of the chromosomes of this organism and to determine the actual number of its genes as well as to investigate the regulatory mechanisms governing their expression, we have started the construction of ordered clone banks for its individual chromosomes. As an initial attempt in this project, we chose chromosomes I, VI and III because of their small size (3) . The clone banks so constructed will not only help to locate precisely the genetically mapped genes as well as the genes which are cloned and characterized, but also serve as the source of chromosomal DNA segments for further structural and functional studies.
Previously, we reported (4) the construction of an almost complete ordered clone bank for chromosome III and the results of Northern hybridization experiments using the DNA segments prepared from the bank as probes and total poly(A) + RNA from vegetatively growing cells. We identified a total of 156 active genes on chromosome HI, which indicates the presence of one gene in every 2 kb on this chromosome on an average. The number of genetically identified genes on chromosome HI was 34 including two Ty elements (3) . Therefore, our data indicate the presence of at least 131 more genes on chromosome HI.
To investigate further whether the distribution and organization of genes we found on chromosome m are similar in other chromosomes or not, we continued our analysis with chromosome VI. Chromosome VI is the second smallest chromosome of S. cerevisiae and its size was estimated electrophoretically to be 280 kb (4) . It is thus expected to contain about 125 genes if its gene density is the same as that of chromosome HI (4). However, only 27 genes have so far been genetically mapped on this chromosome (3). We report here the construction of a detailed physical map of chromosome VI and the presence as well as their relative expression levels of a total of 97 genes on this chromosome.
MATERIALS AND METHODS
All methods used in this study were the same as described previously (4) except for an improvement introduced into Northern hybridization to quantitate the relative abundance level of each transcript. For this purpose, a 1.2 kb-long EcoRl fragment containing the RPO41 gene (5) was prepared from one of the clones termed VI-3B3. This DNA fragment was made radioactive by the random primer method (6) . It was then mixed with the probe in each hybridization experiment such that the specific
• To whom correspondence should be addressed radioactivity per unit length of both probes was made equal. Hybridization was quantitated by measuring individual bands with a densitometer (Shimadzu CS-9000). As the size of individual transcripts varied, the values were normalized by taking their lengths into consideration. They were then compared with the control RP041 transcript similarly normalized. The abundance level of each transcript was calculated relative to that of the RP041 transcript which was taken as 1.00.
RESULTS AND DISCUSSION
Construction of an Ordered Clone Bank of Chromosome VI Chromosome VI is the second smallest chromosome in S. cerevisiae and can be separated as a distinct single band by orthogonal-field-alteration-gel-electrophoresis (OFAGE) (7) . Previous estimations suggest that there is a considerable degree of heterogeneity in the chromosomal length among various strains of 5. cerevisiae. The estimated size of chromosome VI differs from 263 kb in strain D273-10B (8) to 290 kb in strain AB972 (7) . The size of chromosome VI of strain DC5go was estimated to be 280 kb by OF AGE, using X phage DNA concatemers as the molecular size markers (4). The apparent length polymorphism of this and other chromosomes among yeast strains appear to be strain-specific, indicating that certain regions of yeast chromosomes are variable.
For the preparation of chromosome VI DNA, field-inversiongel-electrophoresis (FIGE) (9) was used. It was repeated 30 times in the same manner as done for chromosome III (4) and about 50 ng of chromosome VI DNA was obtained. The DNA was then partially digested with Sau3AI into fragments of 15-20 kb in length and the resultant fragments were cloned into the BamHl site of the X phage vector EMBL4. Three hundred and eightyfour independent clones were thus obtained. Detailed restriction map of each clone for eight six base recognizing enzymes, namely BamHl (B), BgR. (G), £coRI (E), MndHI (H), Kpnl (K), Pstl (P), PvuU (V) and Xhol (X), was then analyzed and the data were sorted by the computer as described previously (4) . When the overlapping regions of neighboring clones were short and the linking was not sure, 'packed array hybridizations' (4, 10) were performed. For this purpose, 23 different DNA fragments were isolated from clones situated at each end of clone groups which were formed by sorting the data of individual clones with the computer. They were used as probes in 'packed array hybridizations' for the screening of linking clones. Thus, 205 clones out of the 384 clones isolated were finally sorted into one large group as shown in Fig. 1 . The rest of the clones were unincorporated into the final group, either because their restriction map data were of poor quality, or because they were most likely originated from other chromosomes contaminating the chromosome VI preparation by FIGE. (14) and HXK1 (24) . The location of PHO4 (25) was determined by Southern hybridization with the corresponding clones, because it had had only few restriction cleavage sites. We could not determine the direction of the PHO4 gene. The scale at the top is in kilobases.
• The cumulative physical length of the final clone group was calculated to be 269.7 kb by summing up the distance data between the individual restriction enzyme cleavage sites and by averaging them for all aligned clones. It was expected to be 280 kb which was the length of chromosome VI measured by OFAGE. Therefore, the value was about 10 kb shorter. To confirm whether this ordered clone bank contains both ends of chromosome VI, we examined for the presence of telomerespecific sequences. As it was found in a hybridization experiment (4) that one of the conserved telomere sequences termed Xsequence (11) was present at least at one end of chromosome VI, we searched for clones containing the X-sequence in the ordered clone bank. Three clones, VI-4A11, VI-2D5 and VI-2G1, were found to hybridize with an X-sequence-specific probe (data not shown). All of them were located at the left end of this bank (Fig. 1) . Therefore, the clone bank constructed was concluded to contain the left telomere of chromosome VI. With respect to the right telomere, however, we were unable to observe any hybridization bitween the X-specific probe used and the clones we had located at the right-most end of the bank. It was found that the HXK\ gene which had been mapped near the right end of this chromosome was located at a position approximately 16 kb from the right end of the physical map (Fig. 1 ). This gene was reported to be located at a position less than 20 kb from the right-telomere (3). If this is true for strain DC5go, then the region missing from the right end of the physical map shown in Fig.l is only several kilobases in length. Therefore, the cumulative physical length of the bank shown above is in good agreement with the value obtained by OFAGE, and our ordered clone bank for chromosome VI covers almost the entire region of chromosome VI except for a small region at the right telomere. The size (in kb) of the transcripts was measured in the experiments shown in Fig. 3 . Abundance level of each transcript was calculated as described in Materials and Methods and shown relative to that of the control gene, RPO4I (shown in bold), which was taken as 1.00.
Integration of the Genetic Map into the Physical Map
Twenty-seven genes and one Tyl element have so far been mapped genetically on chromosome VI (3). Of these, nine genes and the Ty element have been cloned and their nucleotide sequences determined (GenBank Release 65.0). We tried to locate these genes on the physical map by comparing the restriction map constructed from their nucleotide sequence data. In addition, we examined the location of the genes which had not been mapped genetically but whose location on chromosome VI had been confirmed by hybridization after OFAGE. KINi (12) , RPOA\ (5, 13) and YMKiX (14) are three such examples. Of the twelve genes thus examined, nine were located on the physical map as shown in Figs. 1 and 2 . Furthermore, it was found that one copy of Ty2 element should be located on this chromosome instead of the Tyl element which had been mapped genetically (15) . The C 22-3 224 24-1 24-1 !4-3 23-2 244 24-j 25-1 24-6 25-2 25-3 25-1 26-1 25-5 26-2 26-3 254 2T-1 27-2  C 27-3 274 2tl 29-1 23-2 29-2 2W 294 3M 31-1 30-2 29-5 31-2 296 31-3 30-3 314 3M 32-132-2 remaining genes, SEC4, SUF20 and KIN3, could not be located because they contained only a small number of cleavage sites for the restriction enzymes used in this work.
Analysis of the Transcripts from Chromosome VI
To determine the number of active genes on chromosome VI which are expressed during vegetative growth and to analyze whether they are physically clustered or dispersed, we performed a series of Norther hybridization experiments and analyzed the poly (A) + transcripts from this chromosome. For this purpose, we first selected a total of 39 clones as 'mini-set' clones which were adequately overlapping with each other. By taking advantage of their detailed restriction map data shown in Fig. 1 , a set of DNA fragments were prepared from each clone and used as probes in hybridization with the total poly (A) + RNA. The DNA fragments were isolated after digestion of the DNA from each clone with BarriHI, EcoYtl, Xhol and HindHi. These enzymes were chosen, because the first three enzymes had no cleavage site and the last one had only one cleavage site within the vector arms. Thus, we prepared 157 chromosomal fragments as probes which covered the entire region of the ordered clone bank. Fig. 3 summarizes the sizes and locations of the transcripts detected in the Northern hybridization experiments performed in this way. Through the systematic analysis of transcripts, a total of 97 actively expressed genes was detected which were distributed quite evenly throughout chromosome VI. The value does not include the genes in the Ty element. The value was somewhat smaller than that of about 125 which was expected by extrapolating the data for chromosome III (4) to this chromosome. It should be noted that we compared in this work the intensity of individual hybridization bands with that of the RPO41 transcript as an internal standard, whereas we did not use any standard in our previous work on chromosome III (4). Therefore, it is likely that we tended to score only those transcripts which were relatively highly expressed in comparison to the RPO41 transcript. Extrapolation of the value we obtained for chromosome VI to the total genome size of 14,000 kb of 5. cerevisiae (1) gave the value 5,000 as the total number of active genes encoding protein products in this organism. This value is smaller than the value, 6,500, which was deduced from the data for chromosome m (4) .
The size of the 97 transcripts identified varied largely from 0.32 kb to 6.70 kb. A similar observation was also made for chromosome HI transcripts (4) . The size distribution of the chromosome VI transcripts together with that of chromosome TTI transcripts is summarized in Fig. 4a . As can be seen, the transcripts from both chromosomes distributed very similarly in size. The most abundant transcripts were those of between 1.00 and 1.20 kb in length. mRNA of this length can be calculated to encode proteins of about 40 kDa if both the 5' leader and 3' poly (A) sequences are ignored. To know whether proteins of this size are actually abundant in S. cerevisiae, we searched for the data for the size distribution of total proteins in this organism. We plotted the protein spots discernible on a two-dimensional electropherogram (16) as shown in Fig. 4b . Most abundant proteins were found to be of 40 to 50 kDa in size. Therefore, the two data are in good agreement with each other except for proteins whose size exceeds 120 kDa. Evidently this was because proteins larger than that do not migrate nicely into ordinary second dimension gels. A considerable number of transcripts from the two chromosomes were found to encode proteins larger than 120 kDa as shown in Fig. 4a . It will be necessary to perform two dimensional gel electrophoresis of total yeast proteins using softer gels in the second dimension to compare proteins of larger sizes.
To quantitate the abundance level of the 97 transcripts, we added a 1.2 kb EcoRl-EcoRl fragment containing the RPO41 gene segment as an internal hybridization control. We chose the RPO41 gene because we knew that its transcript was as large as 4.5 kb. Occurrence of such a large sized transcript is rather rare and, therefore, it was expected to be easily distinguishable from other transcripts in Northern hybridization experiments. The intensity of each transcript band was measured with a densitometer and compared quite accurately with that of the internal control RP041. The results are summarized in Table  1 . It was found that the most highly expressed gene was ACT\ gene (17) which encodes actin. Its expression was about 420-fold more than the transcript of least abundance, #63. It will be interesting to investigate further whether this large difference in the abundance level is mainly caused by the difference in the primary sequences of their promoters. It might be that some other factors such as the chromosomal structure and the spatial location of genes as well as trans-acting factors influence their transcription as well.
With respect to the spatial distribution of transcripts and their abundance level, the genes in both the telomeric and the centromeric regions were found to be less active as shown in Fig. 5 . All transcripts except for one were found to be at low abundance levels. It appears that highly expressed genes tend to gather in the central region of both arms. These tendencies were also observed with chromosome HI (4). It will be interesting to determine the nucleotide sequence of the whole chromosome and to analyze the regions containing the above-mentioned highly expressed genes. It will then be possible to ask whether the threedimensional chromosomal structure surrounding them and/or distribution of protein components associated has any special features or not.
In this work, we identified 97 active genes and one copy of Ty2 element on chromosome VI. The next step of our studies is to characterize these genes with respect to their in vivo functions as well as to investigate the regulatory mechanisms governing their expression. As an initial step, we have started measuring the differential level of expression of each gene at different stages of the cell cycle and under various conditions including nutritional changes, heat shock stress, and so on. Some of the genes newly identified in this work were found to show interesting features. For example, several genes of low expression level situated in the telomeric region became highly expressed in the stationary phase. Further analysis is currently in progress.
